Molten metals having a low vapor pressure, such as aluminum, are vacuum refined to remove metallic im purities employing a lifting gas to form a metal fall above a liquid metal surface; a vacuum above the metal surface is effective in conjunction with the lifting gas, to develop a bulk flow of rising gases between the liquid metal surface and a condenser; the pressure is higher, i.e. lower effective vacuum, than that which would cause such bulk flow in the absence of the lifting gas; a molten metal such as copper may be vacuum refined by creating a vacuum effective to cause emission from the liquid copper surface of the metallic impurities as a bulk flow of rising gases, in particular lifting the liquid cop per from a lower level to at least the metal surface creates a circulation within the mass of copper effective to promote transfer of metallic impurities to the metal surface.
Molten metals having a low vapor pressure, such as aluminum, are vacuum refined to remove metallic im purities employing a lifting gas to form a metal fall above a liquid metal surface; a vacuum above the metal surface is effective in conjunction with the lifting gas, to develop a bulk flow of rising gases between the liquid metal surface and a condenser; the pressure is higher,
i.e. lower effective vacuum, than that which would cause such bulk flow in the absence of the lifting gas; a molten metal such as copper may be vacuum refined by creating a vacuum effective to cause emission from the liquid copper surface of the metallic impurities as a bulk flow of rising gases, in particular lifting the liquid cop per from a lower level to at least the metal surface creates a circulation within the mass of copper effective to promote transfer of metallic impurities to the metal surface. The work outlined in these prior references was par ticularly concerned with removal of residual metals from molten steel as distinct from other metals.
In U.S. patent application Ser. No. 367,262, the appli cants disclosed the refining of steel containing residual metals and impurities and apparatus for this purpose. An essential feature of the described refining process is the subjection of the liquid steel containing metallic impuri ties in a bath, to a vacuum effective to cause emission from the liquid steel surface of the metallic impurities as a flow of rising gases. According to the invention, the surface of the molten steel is maintained substantially free of surface contamination and return of the residual metals into the molten steel is continuously prevented. Vacuum is maintained, throughout the treatment, at a level at which the emission is in the form of a bulk flow of rising gases which, in combination with the continual freeing of the surface of contamination and the contin ual prevention of the return of the impurities, reduces the time of the removal of impurities substantially to a minimum.
The applicants have also disclosed the use of a lifting gas, to lift liquid steel from a lower level in the bath to above the surface of the bath, and discharging the lifted steel to the surface of the bath to maintain it free of contamination. This latter expedient also has the advan tage of exposing a large surface area of the lifted steel to the vacuum.
SUMMARY OF THE INVENTION
The applicants have now found that vacuum tech niques are also applicable to the removal of metallic impurities from other molten metals, for example, alu minum, nickel, cobalt, titanium, and copper.
However, these metals all have their own special characteristics which must be taken into consideration when applying vacuum treatment. In operation a vac uum is maintained at a pressure lower than the vapor pressure of the molten metal. This may be practical in the case of molten steel, however, the group of metals comprising aluminum, nickel, copper, cobalt and tita nium has such a low vapor pressure that it is difficult, if not impossible, to provide a lower vacuum pressure and this has discouraged researchers from attempting to remove metallic impurities from such metals by vacuum treatment.
In particular, liquid aluminum, copper, cobalt, nickel and titanium all have vapor pressures of less than about 1 pascal, whereas liquid steel has a vapor pressure of about 10 pascals.
The applicants have now found, however, that this problem can be overcome by combining the vacuum treatment with the injection of a lifting gas to supple ment the emission of gas from the molten metal surface, and thus build up the bulk flow of rising gases to the point where effective removal of the metallic impurities or residual metals can be obtained at a rate sufficiently high as to make the process practical commercially,
The rate of emission of the impurity metals from the molten metal surface is controlled by three factors: (a) transport of the metal to the molten metal surface from within the body of molten metal, (b) evaporation of the metal at the molten metal sur face, and (c) transport of the evaporated metal away from the metal surface.
The factors which determine the rate of impurity removal when vacuum refining metals having low vapor pressure depends on the impurity being removed. Specifically, removal of impurities with high vapor pressure over the melt is controlled by factor (c), whereas removal of impurities with low vapor pressure will be controlled by factor (b). Removal of impurities with intermediate vapor pressure is controlled by both factors (b) and (c). The following Table lists for the low vapor pressure metals, the factor or factors which de termine the rate of the particular impurity removal. In accordance with the present invention, a lifting gas is continuously injected into the molten metal to pro vide a lifting gas which enhances the bulk flow, i.e. factor (c) and forms a metal fall, thereby increasing the surface area of molten metal and thus enhancing the evaporation, i.e. factor (b).
However, the present invention also comprises the additional feature of creating a high level of melt mix 4,456,479 3 ing. This aspect of the invention also minimizes the effect of factor (a) and results in rates of refining which are impossible to attain in existing vacuum refining apparatus, for example, electron beam type vacuum refining apparatus in which a calm shallow bath is ex posed to very high vacuum.
In accordance with the invention, there is provided a method of vacuum refining a molten metal having a low vapor pressure comprising forming a mixture of rising lifting gas and metallic gases evaporating from the sur face of the molten metal, and subjecting the surface of the molten metal to a vacuum effective, in the presence of the lifting gas, to cause a bulk flow of rising gases from the molten metal surface, said vacuum having a pressure higher than the pressure required to cause a bulk flow of rising gases in the absence of lifting gas.
In particular the mixture may be formed by injecting the lifting gas through the molten metal and discharging liquid metal entrained in the lifting gas above the molten metal surface to drop in a metal fall onto the molten metal surface.
In a particular embodiment of the invention, there is provided a process for removing metallic impurities from a metal having a low vapor pressure, for example, aluminum, copper, cobalt, nickel and titanium, particu larly metals having vapor pressure of less than 5 pascals at 100 K above their melting point, comprising, select ing an apparatus with a receptacle containing a bath of a molten metal having a low vapor pressure in a vacuum chamber and at least one conduit extending from below the surface of the molten metal to a point above the molten metal to provide for a metal fall, condensing means in the upper reaches of the vacuum chamber for condensing rising metallic gases, continuously injecting a lifting gas into a lower part of said conduit whereby liquid metal is lifted therethrough and discharged in finely divided form to drop in a metal fall onto the surface of the molten metal in the receptacle and a mixture is formed of said lifting gas and gases evaporat ing from said molten metal, subjecting the vacuum chamber to a vacuum effective, in the presence of the lifting gas, to cause a bulk flow of rising gases between the molten metal surface and the condensing means, said vacuum being lower than that which would cause a bulk flow of rising gases in the absence of lifting gas, continuously condensing the metallic rising gases on the condensing means to prevent reflux of impurities into the molten metal, thereby to increase the speed of re moval of metallic impurities, restoring the pressure to normal, and recovering the treated metal.
Bulk flow of evaporated vapor, from the liquid metal surface to the condensing surfaces, differs in kind from diffusion of the evaporated vapor through the gas phase between the metal surface and the condensing surfaces. With bulk flow, there is a high mean velocity (up to several hundreds of meters a second) of evaporated vapor from the molten metal surface towards the con denser surfaces, which the applicants have observed, optically, as a directional stream leading towards the condenser surfaces. This contrasts with diffusion which takes place when the chamber pressure is greater than the melt vapor pressure, no directional (negligible net velocity) stream was observed, only a relatively station ary cloud of metal vapor.
In the case of molten copper the applicants also ob served, not only that bulk flow of vapor away from the liquid metal can be achieved by decreasing the pressure within the vacuum chamber, but that the onset of bulk flow corresponds to a chamber pressure equal to the melt surface vapor pressure, and decreasing chamber pressure further increases the velocity of this bulk flow and evaporation rate. The applicants have also ob served, in the case of molten copper that the evapora tion rate reaches a maximum when chamber pressure is at a level of 10% to 30% of the total vapor pressure of the molten copper, and that operating within this range maximizes evaporation rate, while, at the same time, minimizes the expense of producing higher vacuum with the resultant wear and tear on the system. Surprisingly, therefore, in face of prior art findings that vacuum treatment is too slow to be practical, through the use of the invention, a user is now able to obtain a substantially maximum refining rate for any given heat of copper and other metals having a low vapor pressure, and a practical treatment time of not more than about one hour, or even less, where the re quired tolerance of impurities is higher.
In the embodiments in which a lifting gas is em ployed, particularly for the case in which the molten metal has a low vapor pressure, for example, aluminum, it is found to be appropriate to inject the lifting gas so as to establish a bulk gas velocity in the bulk flow of rising gases of about 1 to about 100, preferably about 5 to about 20, meters per second; the bulk gas velocity being calculated across a horizontal cross-section taken through the body of the rising gases between the sur face of the molten metal and the condensing surfaces.
An important criterion in successful operation is the lift factor or the overflow to submergence ratio, which is suitably 0.01 to 3 and preferably 0.5 to 1.5. The lift factor is defined as the ratio of the lift height, The lifting gas is injected into the molten metal by means of an injection nozzle having its outlet adjacent the lower end of a vertical lift conduit through which the lifting gas rises, the conduit terminating at its upper end above the surface of molten metal in the vacuum chamber.
The lifting gas is suitably injected through the nozzle at a rate of 1 to 500 kg per hour for a bath of molten metal mass commensurate with associate processing facilities. A surface area exposed to vacuum of about 5 to about 500, preferably 70 to 110 m2 is created by the metal spray during the metal fall.
BRIEF DESCRIPTION OF THE DRAWINGS
The invention is illustrated by reference to the draw ings, in which: The nozzle 31 is preferably designed to produce large bubbles to create plug flow within the conduit 23. Plug flow is the condition created by a series of spaced-apart bubbles, which each occupy the entire cross-section of the up-leg 23. To this end, the nozzle should have an orifice Reynolds number less than 500. In the event of injecting a reactive gas, the nozzle 31 may be provided with protective means against thermal and chemical degradation. For example, it may have means for simul taneously injecting cooling or endothermic shrouding gas annularly about a main nozzle.
In operation, the molten metal is lifted by the lifting gas to well above the level of the molten metal in the receptacle 19. As the molten metal passes through the gooseneck part 25, its path is inverted, and it is released in finely divided form through the outlet 27. The lifting gas and the gas from the distillation of metallic impuri ties expands violently, dispersing the liquid metal within the gooseneck 25. The resulting explosive mixture of molten metal, inert gas and gasified volatile metals is expelled downwards, so that the metal is sprayed from the outlet 27 in finely dispersed form of streams and drops and bombards the surface of the molten metal bath 41 in the receptacle 19, keeping it free of surface film. At the same time, the gaseous content of flow in leg 23 separates from the metal and leaves the outlet 27 whence it rises upward. The condensable gases (metal lic impurities) are intercepted by the condensing sur faces 33 on which they condense as liquid. The non condensable lifting gas flows out through the exhaust passage 17.
The liquid from the surfaces 33 runs to the receiving trough 35 and is led therefrom through the barometric leg 36 to the collecting vessel 38. Placing the outlet 27 sufficiently far above the level of the surface of the molten metal in the receptacle 19 provides a fall to the molten metal surface effective to furnish good evaporation from the falling metal drop lets and leave should be taken to place the condensing surfaces 33 as close as possible to the molten metal surface without being close enough to be splashed. In FIGS. 3 and 4, the metallic vapors are condensed to a solid and, therefore, the barometric leg and the collecting vessel are omitted. The operation is similar to that of the unit of FIG. 1 , with the exception that the condensate is collected and disposed of as a solid, rather than a liquid.
The condensable gases (gasified metals) strike the surfaces of the plates 433 (533) and are condensed to a solid while the non-condensable gases are separated therefrom and withdrawn through the conduit 417 (517) by the vacuum pump. The temperature of the plates 433 (533) must be maintained within a range low enough to condense the metallic gases as a solid and yet high enough to prevent too great a heat loss from the chamber. The solid condensate is recovered by remov ing the condenser plates 433 (533) from the chamber and heating them to the condensate melting tempera ture in a furnace having a reducing atmosphere.
VARIABLE FACTORS
The process of the invention is subject to variable factors which will be discussed as follows:
Starting Materials
The nature of the starting material, which may be determined by analysis, will determine, to some extent, the optimum conditions employed, and these may be arrived at by experiment.
Condenser Temperature
There are two possible modes of condenser opera tion; one in which the gasified metallic vapors are con densed as liquid and the other in which it is condensed as solid. To this end, the temperature of the condenser controls in which mode the unit operates.
In the liquid condensing mode, the condenser temper ature depends on the composition of the condensing vapors. At the commencement of refining the conder sate has a lower melting point because there is a higher proportion of impurities in the vapor condensing com pared to the latter stages when the proportion of the metal undergoing refining is greater.
In the solid condensing mode, the condenser temper ature is adjusted so that at no time does the condensate liquify. As in the liquid condensing case, condenser temperature can increase throughout a treatment be cause the melting point of the condensate increases as the quantity of impurity decreases with respect to the amount of iron evaporating. Liquid Metal Temperature The temperature of the liquid metal is primarily de termined by the tapping temperature of the prior opera 7 tion less any temperature loss associated with the trans fer of the ladle of liquid metal to beneath the distillation unit. Liquid metal temperature then continues to de crease (unless some corrective action is taken) due to further heat losses from both the ladle and distillation unit.
In starting up, the entire unit should be preheated to operating temperature and the proper differential be tween the temperature of the gas coming off and the temperature of the condenser.
Time
The processing time may range up to one hour. Pro cessing time is affected by (i) amount of refining desired: 0 to substantially 100% elimination of initial impurities (preferred, 75-90% elimination); (ii) liquid metal temperature; (iii) agitation: quiescent to violent turbulence (pre ferred, violent turbulence); (iv) distillation unit interior pressure; (v) injected gas flow rate.
Pressure
Distillation unit interior pressure varies from atmo spheric, between cycles and when the unit is not in operation, to pressures which will normally be in the range from 100 to 500 pascals during treatment.
The chamber pressure should be reduced to the oper ating level as fast as possible. This increases the produc tivity of the process. Mixing or Lifting Gas
The mixing or lifting gas may be any non-condensa ble gas comprising either pure gas or a mixture of gases where the gases may be either reactive or inert. Prefera bly, it is argon gas mixed with quantities of either oxi dizing gares such as oxygen or carbon dioxide or reduc ing gases such as carbon monoxide or hydrocarbon gas. (Nitrogen could be used in the process to reduce cost in cases where it is non-reactive. Freon (trade mark of E.I.
Du Pont de Nemours & Co. for a series of fluorocarbon products) could be used in conjunction with an inert gas when chlorination and/or fluorination is desired).
Characteristics of the Bath of Molten Metal
A bath of molten metal within the distillation unit (i.e. above the legs) acts as a collector for the liquid metal which has been lifted via the up-leg and as a site for elimination of impurities leaving the surface directly.
The bath depth may be in the range 0.01 to 1.0 m (preferred 0.2 to 0.5 m). Bath surface area may range from 0.06 m2 to 0.033 m2 per tonne of metal treated. Bath volume in the range 0.006 m3 to 0.033 m3 per tonne of metal treated. Condenser
The condenser leads evaporated volatile metal vapor away from the liquid metal surface by virtue of placing a sink for the metal vapor at a location remote from the liquid metal surface. The area of the condensing surface is large enough so that the liquid condensate forms either a liquid film which will adhere to and flow down the surface and into the condensate trough without dripping off the surface back into the molten metal or a solid mass which will not interfere with the flow of non-condensable gas to the outlet.
The condenser has sufficient surface area to capture Agitation contributes to creating a clean surface area on the metal in the receptacle for exposure to the action of the vacuum, increases the surface area exposed to vacuum, and increases the liquid phase mass transfer. All these factors increase the refining rate.
In the distillation unit, agitation is caused by the rise of the gas bubbles through the liquid metal and their breaking through the liquid metal/vacuum interface.
Materials of Construction
The distillation unit has a demountable vacuum-tight steel casing which supports the inner refractory lining. The unit is designed to treat all grades of steel and iron alloys and therefore the lining material is resistant to both chemical and thermal degradation. The most com mon and readily available grades suitable for applica tion in each area of the unit should be used having re gard for the new more expensive, but more robust grades of refractories such as those manufactured from silicon nitride, zirconia or alumina based refractory ceramics. The operating temperature was within the range from 1350 K to 1800 K (preferred range 1525 to 1600 K). The chamber pressure was from 1 to 1000 pascals (preferably 100 to 500 pascals and in particular 133 pascals).
In order to achieve 80% removal of bismuth within one hour from a 35 kg bath of copper, a surface area of about 0.3 square meters, was exposed to vacuum via the action of the lift-spray apparatus. This represents about a ten-fold increase in bath surface area compared to quiescent conditions. The bulk gas velocity was from 1 4,456,479 9 to 100 meters per second, 5 to 20 meters per second being preferred.
Lifting gas was injected at a flow rate of about 90 grams per hour. The lift height was about 0.1 to 0.3 meters.
EXAMPLE 2
The following is an example of treating 35 tons of molten aluminum. The operating temperature is within the range from 900 to 1300 Kelvin (1050 to 1150 Kelvin preferred). The chamber pressure is from 1 to 1000 pascals, 100 to 500 pascals being preferred. The starting aluminum has a composition containing 0.01 to 5.0% magnesium.
In order to obtain 80% removal of the magnesium, within 30 minutes, a surface area of molten metal, pref erably 80 to 110 m2 is exposed to vacuum, and bulk gas velocity of 5 to 20 meters per second of lifting gas.
The flow rate of the injected lifting gas was about 70 kilograms per hour.
The lift height was about 0.5 to 1.5 meters.
We claim:
1. A process for removing metallic impurities from a metal having a low vapor pressure, comprising, selecting an apparatus provided with a receptacle containing a bath of a molten metal having a low vapor pressure and a vacuum chamber and at least one conduit extending from below the surface of the molten metal to a point above the molten metal in the vacuum chamber, to provide for a metal fall under vacuum, condensing means in the upper reaches of the vacuum chamber for condensing rising metallic gases, continuously injecting a lifting gas into a lower part of said conduit whereby liquid metal is lifted there through by the action of the expanding rising gases and discharged in finely divided form by the explo sive release of lifting gas to drop in a metal fall onto the surface of the molten metal in the receptacle and a mixture is formed of said lifting gas and gases evaporating from said molten metal, subjecting the vacuum chamber to a vacuum effec tive, in the presence of the lifting gas, to cause a bulk flow of rising gases between the molten metal surface and the condensing means, said vacuum being lower than that which would cause a bulk flow of rising gases in the absence of lifting gas, continuously condensing the metallic rising gases on the condensing means to prevent reflux of impuri ties into the molten metal, thereby to increase the speed of removal of metallic impurities, restoring the pressure to normal, and recovering the treated metal. 6. A process, according to claim 2, in which the melt temperature is within the range from about 900 to about 1300 Kelvin. 7. A process, according to claim 2, in which the start ing aluminum contains 0.01 to 5.0% magnesium and the process was conducted for 30 minutes resulting in 80% of initial magnesium being removed.
8. A process, according to claim 6, in which the start ing aluminum contains 0.01 to 5.0% magnesium and the process was conducted for 30 minutes resulting in 80% of initial magnesium being removed.
9. A process, according to claim 1, in which said metal is copper and including continuously lifting liquid copper from a lower level in the bath to at least the surface of the bath to create a circulation within the bath to promote transfer of metallic impurities to the metal surface, and maintain the metal surface free of contamination.
10. A process, according to claim 1, wherein said apparatus has a lift factor of 0.5 to 1.5.
11. A method of vacuum refining a molten metal having a low vapor pressure comprising forming a mixture of rising lifting gas and metallic gases evaporating from the surface of the molten metal, and subjecting the surface of the molten metal to a vac uum effective, in the presence of the lifting gas, to cause a bulk flow of rising gases from the molten metal surface, said vacuum having a pressure higher than the pressure required to cause a bulk flow of rising gases in the absence of lifting gas. 12. A method, according to claim 11, including the step of continuously removing the metallic component of the rising gases to prevent return of impurities into the molten metal.
13. A method, according to claim 2, wherein the metal component is removed by condensation.
14. A method, according to claim 11, wherein said mixture is formed by injecting lifting gas through said molten metal and discharging liquid metal entrained in said lifting gas above the metal surface to drop in a metal fall onto said surface.
15. A method, according to claim 11, wherein said metal is aluminum.
16. A method according to claim iii, wherein said metal is copper.
